THERMODYNAMIC  PROPERTIES  OF 
THE  ELECTRICAL  DOUBLE  LAYER 


Tk^rem  Cwcemin^  th^  Rffect  nf  JDiscre$€  Chargts  in 
Eketrical  DoubU  La/&t 


N»iA«r  ili 
H ilw 

OiPFICS  OF  MAFAL  B»S1AR€M 
lanwytT;,  1954 

Kesearch  Gontxmct 


Project  FibuBiber 
KH4HI14S0 

JkipntfmvBA  «f  ClMiBietxy 

Awlitntt  CoUefe 
Anhttnrt,  BftnnehiMetls 


THERMODYNAMIC  PROPERTIES  OF 
THE  ELECTRICAL  DOUBLE  LAYER 


I.  Theorem  Concerning  the  Effect  of  Discrete  Charges  in  the 

Electrical  Double  Layer 

II.  The  Apparent  Anomaly  in  the  Rate  of  Change  with 
Concentration  of  the  Potential  of  the  Electrocapillary  Mainmum 

by 

David  C.  Grahame 


Technical  Report 
Number  13 
to  the 

OFFICE  OF  NAVAL  RESEARCH 
January*  1954 


Research  Contract 
N8-onr.6690a 


Project  Number 
NR-061-150 


Department  of  Chemistry 
Amherst  CoU»-5;e 
Amherst,  Massachusetts 


THEOREM  CONCERNING  THE  EFFECT  OF  DISCRETE  CHARGES  IN  THE  ELECTRICAL 

DOUBLE  UTER 

by 

David  C*  Grahame 
ABSTRACT 

In  contradiction  to  a theorem  advanced  earlier  by  Esin  and  Shikov, 
it  is  here  demonstrated  that  a uniform  array  of  discrete  oriented  dipoles 
generates  a potential  difference  no  different  iron  that  associated  with 
two  uniform  layers  of  charge  having  the  same  average  charge  density. 

According  to  the  argument  here  presented,  it  is  not  possible  to 
explain  a supposed  anomaly  in  the  rate  of  change  of  the  potential  of  the 
electrocapillary  maximum  with  concentration  as  an  effect  attributable  to 
the  discrete  character  of  the  charges  which  go  to  make  up  the  adsorbed 
layer  of  anions  in  the  electrical  double  layer. 

An  analogous  argument  is  presented  for  the  case  of  a charged 
sphere  carry^jig  a discrete  layer  of  oriented  dipoles. 


INTRODUCTION 

There  is  a supposed  anomaly  in  the  way  in  which  the  potential  of 
the  electrocapillary  maximum  (e.c.max.)  of  mercury  varies  with  the  concen- 
tration of  stirfaee-aetiva  eleetrolvtas  such  as  potassium  iodide  (1-3). 

Briefly,  what  is  found  is  that  the  potential  of  the  e.c.max.  sometlmss  varies 
more  rapidly  than  59  millivolts  per  ten-fold  change  of  concentration,  whereas 
this  figure  represents  an  upper  limit  to  the  rate  of  change  considered  pos- 
sible according  to  classical  double  layer  theory. 

Esin  and  Shikov  (1)  suggest  that  this  anomaly  is  related  to  the  fact 


e like  a smeared- cut  layer  of  charge  and  that 


account  must  be  taken  of  the  discrete  nature  of  the  electrical  charges  cen- 
tered on  the  adsorbed  ions.  They  have  derived  an  expression  which  purports 
to  represent  the  potential  across  a layer  of  discrete  dipoles  arranged  in  hexa- 
gonal array  with  the  positive  ends  of  the  dipoles  lying  in  one  plane  and  the 
negative  erids  in  another,  parallel  to  the  first.  It  is  our  opinion  that  the 
Esin  and  Shikov  derivation  is  in  error  for  a number  of  reasons  which  will  not 
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be  stated  in  detail  since  we  are  about  to  derive  a general  theorem  which  makes 
their  mode  of  treatment  of  the  problem  unnecessary. 

The  theory  of  Esin  and  Shikov  did  not  account  for  the  anoiaalcus  vari- 
ation of  the  potential  of  the  e.c.raax.  with  concentration  in  a quantitative 
manner.  Srshler  (2)  subsequently  modified  their  theory  considerably,  while 
still  tising  their  equation  for  the  potential  of  a layer  of  discrete  dipole?,’ 
Although  it  is  claimed  that  the  Ershler  theory  accounts  for  the  facts  in  a 
quantitative  manner,  it  is  the  contention  of  the  present  author  that  this  can 
not  be  so  because  the  fundamental  concept  is  unsound. 


COMPARISON  OF  POTENTIAI^  GENERATED  BY  DISCRETE  AND  CONTINUOUS  LAYERS  OP  CHARGE 


Consider  an  infinite  plane  layer  of  oriented  dipoles  arranged  in  hexa- 
gonal or  any  other  regular  array.  It  is  to  be  understood  that  the  dipoles  con- 
sist of  two  point  charges  (+e  and.  -e)  separated  by  a distance  y.  The  positive 
ends  of  the  dipoles  lie  in  one  plane  and  the  negative  ends  in  the  other. 

The  potential  ijr  at  a distance  s from  the  nearer  plane  is  given  by  the 
expression 


oo 


•• 


e 

D(r^W)*^ 


D[r^^+(sfy)^’^ 


(1) 


where  r^  is  the  distance  of  the  ith  charge  (one  end  of  a dipole)  from  a point 
in  the  plane  opposite  the  point  whose  potential  is  sought  (Fig.  1).  D is  the 
dielectric  constant,  assumed  constant.  The  individual  sums  in  etxpression  1 
increase  without  limit,  but  theiu:  difference  is  finite.  Tnis  is  easily  seen  by 
caiculttiiing  corresponding  quantities  for  two  smeared-out  planes  of  charge.  In 
that  case  the  potential  is  given  by 

/m  /-m 

j.  _ ( 2np  r dr  _ ! 2trf  rdr  /2i 

4 DCr^+s^)'-^  jo 

where  p is  the  STirface  charge  density  and  r is  the  radius  of  the  incremental 
annular  ring  of  charge,  u is  the  limit  of  r,  regarded  for  the  moment  as 
finite.  Therefore  after  integration 


’ . It  appears  to  us  that  Ershler  has  somewhat  modified  Esin  and  Shikov 's 
equation  also,  but  since  neither  the  original  equation  nor  Ershler’ s modi- 
fication of  it  seems  to  us  to  be  correct,  the  difference  does  not  affect 
the  present  discussion.  See  footnote  2,  however,  for  a further  disciission 
of  Ershler 's  equation. 
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Infinite  plane  la7ers  of  discrete  charges -n 

/ / 


Fig,  1,  Schenatic  representation  of  two  layers  of  charge  or  one  layer  of 
oriented  discrete  dipoles. 

i)rD/2iT  » (m^  + s*)^  - + (s  + y)5  ^ T 

For  finite  values  of  ^ is  a ftinction  of  m and  a as  veil  as  of  y.  As  m in- 
creases without  lliiit,  each  of  the  square  roots  increases  without  limit,  but 
their  difference  goes  to  zero,  as  one  can  shew  by  factoring  out  m and  expand- 
ing the  remaining  factor.  Thus  in  the  limit  To  the  left  of  the 

two  planes  the  potential  is  -2npy/l)  (or  in  any  case  opposite  in  sign  from 
the  potential  on  the  ri^t)  making  the  overall  potential  difference 
as  one  could  have  deduced  easily  from  the  familiar  relation  d^/dx  = 

It  is  instructive  to  plot  the  potential  ascribable  to  each  plane 
of  charge  separately,  althou^  both  poteutlals  are  infinite,  so  that  all  one 
can  really  represent  is  the  rata  of  change  of  the  potential  with  distance. 
This  is  done  in  Fig.  2. 

The  distance  between  the  parallel  lines  of  potential  gives  the 
potential  at  any  point.  The  special  advantage  of  this  diagram  is  that  it 
makes  it  possible  to  analyze  the  corresponding  problem  for  a layer  of  dis- 
crete dipoles  (now  regarded  as  two  layers  of  discrete  charges)  without 
evaluating  the  difficult  summations  presented  by  eqmtion  1,  Each  summa- 
tion in  equation  1 is  divergent,  as  already  stated,  but  the  summations 
are  symmetrical  about  the  planes  to  which  they  refer  and  differ  only  in 
sign.  Therefore  the  potential  diagram  correspoiiding  to  Fig.  2 for  this 
case  will  be  as  shown  in  Fig,  3.  The  exact  shs.pe  of  these  curves  can  only 
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r potential  attribiatable  to 
^positively  charged  plane 
alone 

slope  = -;cifp  /D 


potential 
difference 

attributable  tc  both  ^ 
planes  = -2vpyA>  n^tiv^ 

charged 
plane 


positively 

charged 

plane 


potential  difference 
attributable  to  both 
planes  = 2v  p yA> 


Fig.  2.  Schematic  representation  of  potentials  attributable  to  each  plane  singly 
in  a pair  of  uniformly  charged  infinite  planes.  Vertical  distance  between 
sloping  lines  represents  potential  difference  attributable  to  both  planes 
at  once. 


Fig.  3.  Schematic  representation  of  potentials  attributable  to  each  plane  singly 
in  a pair  of  parallel  layers  of  uniformly  arranged  discrete  charges  or 
oriented  discrete  dipoles. 
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be  established  b7  explicit  summation  of  the  terms  in  equation  1,  and  this 
turns  out  to  be  a difficult  mathematical  task  because  of  the  very  slow  con- 
vergence» It  could  bs  cclved  without  difficulty  by  the  use  of  present  day 
high  speed  computing  methods,  but  this  has  not  been  dene  because  it  proves 
to  bj  unnecessary.  It  is  physically  obvious  that  the  effect  of  the  discrete- 
ness of  charge  upon  the  slope  of  the  curves  in  Fig.  3 diminishes  as  the  dis- 
tance from  the  planes  is  taken  to  be  ever  greater.  Therefore  the  limiting 
slope  of  these  curves  must  be  the  same  as  la  Fig.  2,  namely  ±2vp/D  where  p 
is  the  average  charge  density  on  the  planes  of  charge. 

This  being  the  case,  the  distance  betvreen  the  curves  must  bo 
2itpy/D  on  both  sides  of  the  figure,  making  a total  potential  difference 
attributable  to  the  layers  of  discrete  charge  Astpy/D,  which  is  Just  the 
value  found  for  two  layers  of  smeared- out  charge.  It  is  concluded,  there- 
fore, that  the  total  potential  difference  attributable  to  a layer  of  dis- 
crete oriented  dipoles  is  the  same  as  for  smeared  out  charges.  This  is  in 
contradiction  to  the  findings  of  Esin  and  Shikov  and  of  Ershler. 

Since  one  does  not  In  realil^  deal  with  infinite  sheets  of  charge, 
it  is  worth  while  noting  briefly  how  this  argument  applies  to  the  more  usual 
case  of  concentric  charged  spheres.  One  can  draw  potential  diagrams  similar 
to  those  shown  in  Figs.  2 and  3 which  have  the  added  advantage  th&v  the 
potentials  are  not  infinite.  Thus  for  uniformly  distributed  smsared-out 
charges  elementary  considerations  lead  to  ths  following  diagram  (Fig.  4) 


Q/tia  fpotential  attributable  to  charge  on  inner  sphere 

— - . _ ^ ^ ^ 2 \ 

' 1 . i 1 

(a  bj 
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base  line  of  zero  potential 


Fig.  4. 


(5-i)^ 
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(^resultant  potential  (equal  to  vertical  distance 
^\between  curves  shown  above)  s |^1  _ 1^ 

^-0 


Schematic  potential  diagrams  for  uniformly  distributed  charges  on 
two  concentric  spheres. 
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whf»'»*e  a and  b are  the  radii  of  the  two  concentric  charged  spheres  and  Q stkI 
“Q  are  their  respective  charges,  r is  the  distance  of  an  arbitrarily  chosen 
point  from  the  center  of  the  two  spheres. 

Corresponding  diagrams  for  two  layers  of  discrete  charge  will  be  as 
shown  in  Fig,  5. 


potential  attributable* 
\ to  charge  on  outer  ' 

sphere  alone  (sign  ® 

reversed) 


Tpotential  attributable  to  charge  on  inner  sphere 
\alone  (note  lack  of  discontinuous  change  of  slope 
at  a) 


-curves  are  coincident  here  (=Q/br) 


base  line  of  zero  potential 


... _ 


prestiltant  potential  (equal  to  vertical 
(distance  between  curves  shown  above) 


Fig,  5,  Schematic  representation  of  potentials  attributable  to  each  sphere 
singly  (upper  diagram)  and  the  resultant  potent isj,  (lower  diagram) 
when  charges  are  discrete. 


If  the  distance  from  b to  a is  small  compared  to  a,  and  if  the  dis- 
tance between  adjacent  discrete  charges  is  also  smal7.  compared  to  a,  then  the 
regions  marked  by  the  eircles  will  have  nearly  identical  shapes^  becoming 
identical  in  the  Umit  as  the  ratios  go  to  zero.  In  practice  these  ratios 
are  both  of  the  order  10"’’’  or  less,  so  that  one  can  assume  the  curv^*’  to  be 
identical  in  the  encircled  regions  and  otherwise  identical  with  Fig.  4*  Evi- 
dently the  potential  difference  Z is  exactly  the  same  as  before,  na~iely 
QD“''(a’’  - b'M. 

These  arguments  nearly  dispose  of  the  contention  that  the  discrete- 
ness of  charge  is  responsible  for  the  electrocapillary  effects  mentioned  at 
the  outset  of  this  paper.  It  is  only  fair  to  point  out,  however,  that  our 
arguments  have  presumed  the  constancy  of  the  dielectric  constant  for  a region 
corresponding  to  all  those  parts  of  the  electrical  double  layer  lying  outside 
of  the  metallic  phase.  This  condition  is  far  from  being  satisfied  in  reality. 
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there  being  three  regions  of  different  dielectric  constants  (presumably)  cor- 
responding to  the  division  of  the  eH.ectrical  double  layer  into  three  regions 
separated  b7  the  inner  and  outer  Helmholtz  planes.  Some  small  effects  of  dis- 
creteness of  charge  can  be  expected  under  these  circumstances,  but  it  must  be 
admitted  that  we  are  far  from  being  able  to  predict  the  magnitude  of  the  effects 
at  present.  Er shier  does  divide  up  the  double  layer  into  three  regions  in  the 
manner  ve  suggest,  but  his  treatment  is  vitiated,  in  our  opinion,  by  several 
circumstances,  chief  among  which  is  his  use  of  the  (somewhat  modified)  result 
of  Esin  and  Shihov.^ 

It  will  be  shown  in  the  following  paper  that  the  ancanalies  which 
Esin,  Shikar , and  Ershler  are  trying  to  explain  are  thermodynamically  related 
to  another  effect  which  is  easily  understood  without  the  Introduction  of  dis- 
creteness-of-charge  effects.  The  inherent  reasonableness  of  this  explanation, 
coupled  with  the  lack  of  any  real  evidence  for  discreteness  effects,  con^ls 
xis  to  regard  as  wholly  unproved  all  claims  for  the  detection  of  such  effects 
in  the  electrical  double  layer. 
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^ Aceoruiag  to  Ershler  the  work  done  against  electrical  forces  for  ad- 
sorption (of  a dipole? ) within  & dipole  layer  such  as  that  shown  in  our 
Pig.  1 l3  0.74  toY®/6  where  to  I®  potential  difference  calculated 
on  the  assumption  of  smeared  out  charges,  y ®nd  e are  as  defined  in  the 
text  above,  and  b is  the  mean  distance  between  adjacent  dipoles.  Accord- 
ing to  this  equation  t^  depends  upon  yA>»  which  is  reasonable,  but  it 

increases  without  limit  as  b goes  to  zero  (y  being  constant),  which  ia 
unreasonable  since  this  is  the  condition  which  corresponds  to  a uniform 
smeared  out  charge.  It  must  also  be  mentioned  that  , as  defined  above, 
wotud  not  appear  to  be  the  qtjantity  of  interest  for  these  calculations 
anyway. 
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NOTE  ADDES)  JANNABI  5,  1954 

It  can  '126  shown  that  even  in  a system  of  variable  dielectric  con- 
stant there  should  be  no  discreteness-of-charge  effect.  Perhaps  the  sim- 
plest proof  of  this  statement  comes  from  noting  that  use  of  a dielectric 
constant  different  from  unity  is  only  a device  for  obviating  the  necessity 
of  taking  into  explicit  account  the  orientation  of  dipoles  of  the  meditm. 
When  this  orientation  of  dipoles  is  expressly  considered,  the  dielectric 
constant  of  any  medium  is  unity  and  therefore  constant.  So  the  proof  we 
hiave  presented  above  applies  to  all  of  the  many  layers  of  discrete  ori- 
ented dipoles,  incltriing  those  of  the  solvent  meditm  itself* 

In  the  particular  case  of  the  electrical  double  layer  at  a metal- 
solution  interface  it  is  convenient  to  regard  the  metal  as  a medium  of 
infinite  dielectric  constant  and  the  solution  as  a medium  of  dielectric 
constant  unity.  Then  every  charge  and  every  dipole  will  have  its  mirror 
image  in  the  metal,  and  the  system  may  be  replaced  by  one  composed  of  the 
double  layer  end  its  image,  with  dielectric  constant  unity  throughout. 

The  actual  potential  difference  between  the  solution  and  the  metallic  sur- 
face will  then  be  just  half  that  between  two  points  far  removed  from  the 
surface  and  lying  on  opposite  sides  of  it. 


A numerical  calculation  based  upon  e<j,untion  1 has  been  carried  cut 
in  an  effort  uo  verii'y  in  a particuiai-  case  the  theorem  stated  in  the  main 
part  of  this  paper.  The  results  are  coBQsatible  with  the  theorem,  but  the 
convergence  of  the  series  was  so  slow  that  one  could  not  say  with  conviction 
that  the  theorem  had  been  verified  nronerically.  The  worked  was  stopped  when 
it  became  apparo.:t  that  the  logical  foundations  of  the  theorem  were  so  firm 
that  a numerical  verification  c-^uld  not  add  anything  to  them. 

For  additional  comments  on  the  Esin-Shikov-Ershler  theory,  see  page 
4 of  the  following  paper.  It  is  possible  that  these  authors  were  thinking, 
not  of  the  discreteaesa-of-charge  effect  which  is  calculated  in  the  foregoing 
paper,  but  of  the  effect  of  the  crowding  of  the  ions  of  the  adsorption  layer 
by  the  entrance  of  further  charge.  It  is  true  that  this  is  a discreteness- 
of-charge  effect,  since  it  goes  to  zero  when  the  elements.ry  charge  on  an  ion 
is  supposed  indefinitely  reduced.  In  all  practical  cases,  however,  it  is 
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already  negligible  for  ionic  charges  as  they  actually  ere. 

To  show  that  tiiis  is  so,  consider  a sphere  of  raditis  r and  charge  Q 
to  which  there  is  added  a unit  charge  e.  The  increase  in  the  energy  of  the 
system  is  given  by 


r (Q  + e)^ 
2 r* 


/ 

\ 


where  C is  the  capacity  of  the  sphere  (=  r).  The  first  term,  eQ/r,  is  the 
work  needed  to  move  the  charge  e up  to  the  sphere;  hence  the  second  term, 
e*/2r,  is  the  work  needed  to  "make  rocan  for"  the  entering  charge  by  com- 
pressing the  charge  already  present.  This  term  is  e/2Q  times  larger  than 
the  first  tera,  so  that  its  neglect  produces  an  error  in  the  calculated 
work  of  l/2n  where  n is  the  number  of  unit  charges  already  on  the  sphere. 

In  atqr  actual  experiment,  n is  at  least  10^°,  so  that  the  error  arising 
from  its  neglect  will  be  altogether  negligible.  There  is  no  reason  to  sup- 
pose that  the  result  of  this  calculation  will  be  significantly  altered  by 
taking  into  account  the  discrete  nature  of  the  charge  already  on  the  sphere. 
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THE  APPARENT  ANOI^LY  IK  THE  RATE  OF  CHANGE  WITH  CONCENTRATION  OF  THE 
POTENTIAL  OF  THE  SLECTROOAPILLART  MAXIMUM 

b7 

David  C.  Grahaaie 


ABSTRACT 


It  is  known  that  the  i*ate  of  change  with  concentration  of  the  poten- 
of  the  electrocapillary  maxinnm  sometimes  exceeds  the  maximuiTi.  value 
considered  possible  in  terms  of  classical  concepts.  The  supposed  anomaly 
is  here  reexamined  and  found  to  arise  from  a chemically  induced  dipole  poten- 
tial which  acts  between  the  metallic  surface  and  the  inner  Helmholtz  plane. 
The  thermodynamic  significance  of  the  supposed  anomaly  is  investigated  and 
found  to  correspond  to  the  occurrence  of  negative  values  of  the  trans- 
ference number  of  the  cation  in  the  double  layer.  The  electrostatic  signifi- 
cance of  the  result  is  discussed. 


EXPOSITION  OF  THE  PROBLEM 


It  was  first  pointed  out  by  Esin  and  Markov  (1)  that  the  potential 
of  the  electrocapillary  maximum  (e.c.max.)  of  mercury  varies  with  the  chemj,- 
cal  potential  of  a 1:1  electrolyte  with  which  it  is  in  contact  at  a rate 
wnich  sometimes  exceeds  l/2F  where  F is  Faraday's  constant.  Explicitly  what 
they  pointed  out  was  that  the  potential  of  the  e.c.max.  of  mereiiry  in  con- 
tact- with  aqueous  solutions  of  potassium  icdlds  varied  at  a rate  soinewhat  in 


excess  of  59  millivolts  per  tenfold  change  of  concentration  of  the  electro- 
lyte. The  potential  of  the  e.c. maxima  jji  question  was  always  referred  tc  ^ 
constant  reference  electrode,  so  that  liquid  junction  potentials  were  in- 
volved in  the  measurements,  but  these  are  small  “nough  to  be  of  no  conse- 
quence in  the  argument  which  follows. 

In  order  to  understand  why  a value  of  (dE/dp, ) greater  than 

l/2F  was  regarded  as  anomalous , consider  the  distribution  of  a capillary- 
active  anion  such  as  iodide  ions  between  the  solution  and  the  inner  Helm- 
holtz plane,  the  plane  of  the  electrical  centers  of  the  adsorbed  ions.  Let 
w be  the  work  needed  to  move  the  ion  from  the  interior  of  ihe  solution  to  a 
place  on  the  surface.  Then  the  charge  density  of  the  adsorbed  anions, 
will  be  proportional  to  the  concentration  of  anions  in  the  solution  and 


(1) 


to  a Boltzmann  factor  exp(-w^/kT).  Galling  the  proportionalitj  factor  B 

= B Ciexp(-WiAr). 

The  work  Wj^  may  be  represented  as  the  of  two  terms,  the  first 
representing  the  work  which  must  be  done  against  purely  electrical  forces 
in  the  double  layer  and  the  second  representing  the  work  done  diy  specific 
forces  of  attraction,  short  range  in  character,  and  essentially  chemical  in 
nature.  Thus* 


Wi  = z_  e(ijr^  + 0^) 


(2) 


and 


T)^  = Bci6xp[-z_e(4^  + (3) 

In  these  eqiiations  z_  is  the  valence  of  the  anion,  including  sign,  and  0^ 
is  the  specific  adsorption  potential  of  the  anion  expressed  in  electrical 
units.  It  is  a function  of  the  charge  on  the  metallic  surface  (2).  e is 
the  unit  of  electrical  chazge. 

It  will  facilitate  discussion  to  write  equation  3 in  the  form 

Ci  = ( Ti^/B)exp(z_ei|f^AT)exp(-0iAT)  (4) 

In  the  presence  of  a capillary  active  anion  and  at  the  potential  of  the 
e.c.max.  is  always  negative,  and  becomes  more  negative  as  c^  increases. 
Thus  the  exponential  containing  it  increases.  It  is  confirmed  by  experi- 
ment (2),  what  one  would  certainly  anticipate,  that  increases  with  c^. 
The  specific  adsorption  potenXixax  is  pi'xuarij.y  a function  ox  q,  the  elec- 
tronic charge  density  on  the  metallic  STirface,  which  is  constant  and  oqvial 


to  zero  at  the  potential  of  the  e.c.max.,  but  it  is  probably  also  to  scane 
very  minor  extent  a function  of  T)f , which  is  proportioJial  to  the  surface 
coverage.  Since  the  actttal  fraction  of  the  metallic  sixrface  covered  by 
anions  is  always  small  at  the  e.c.max,,  ustially  less  than  ten  percent  by 
current  estimates,  it  is  unlikely  that  0i  changes  appreciably  with  changes 
in  Cj^,  q being  held  constant.  In  so  far  as  0^  changes  at  all,  it  is  ex- 
pected to  decrease  with  increasing  and  so  with  c^^.  This  means  that  the 
exponential  exp(-0i/^T)  in  equation  4 will  either  remain  constant  or 


■^Essentially  the  same  argument  up  to  this  point  appears  in  ref.  2,  p,  485. 
It  is  a T^statement  of  parts  of  the  theory  of  Stem  (3).  The  sign  pre- 
ceding 0_  has  been  reversed  from  that  appearlj^  in  these  references  in 
the  belief  that  less  confusion  will  result  if  0z  is  defined  in  such  a 
manner  that  it  is  always  positive  or  zero,  never  nega-tive.  Thus  .a  strong 
adsorption  v/Hl.  always  correspond  to  a large  positive  value  of  0^. 
Footnote  continued  on  page  10. 
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increase  slightly  with  increase  in 

To  sun  up,  all  three  factors  on  the  right  of  equation  4 increase 
(or  in  the  case  of  the  last  factor,  possibly  remain  constant)  with  increase 
in  c^.  Thus  a tenfold  increase  in  mtist  be  divided  among  the  three  fac- 
tors on  the  right  in  such  a manner  that  no  one  factor  can  increase  more  than 
tenfold.  In  practice  increases  about  twofold,  on  the  average,  and 
exp(z_ e\|i^A^r)  will  therefore  increase  by  about  fivefold,  or  possibly  a 
little  less,  depending  upon  the  constancy  of  exp(-0^AT).  A tenfold  in- 
crease in  exp(z_  ei|r^AT)  corresponds  to  a 59  millivolt  increase  in  the  ab- 
solute magnitude  of  at  25°C  for  a univalent  ion.  Thus  cannot  possibly 
increase  more  than  this  amount  for  a tenfold  change  of  c^. 

It  is  a consequence  of  the  theory  of  Stern  (3),  or  of  simple  electro- 
static considerations  (4)»  that  when  q is  zero  (i.e.  at  the  potential  of  the 
e.c.max.),  the  potential  of  the  metallic  phase  is  the  same  as  that  of  the 
innermost  layer  of  charge,  the  inner  Helmholtz  plane,  This  statement 
intentionally  neglects  the  potential  difference  developed  by  oriented  sol- 
vent molecules  on  the  grounds  that  this  difference  remains  essentially  con- 
stant and  doss  not  Influence  aay  of  the  properties  with  which  we  are  here 

concerned.  Potentials  defined  in  this  way  have  been  termed  by  the  author 

M 

"rational  potentials"  (2).  In  any  case  changes  in  t should  equal  changes 
in  i|t^  when  q is  kept  equal  to  zero.  It  will  be  shown  later  that  this  state- 
ment is  not  really  tme,  but  for  the  moment  we  are  concerned  with  showing 
why  it  was  originally  expected  to  be  true. 

When  q is  zero  the  slope  of  the  potential-distance  curve  is  zero  by 
Gauss'  law  for  systems  in  which  the  charge  density  is  a function  of  only  one 
distance  variable,  x-  This  is  true  regardless  of  the  dielectric  constant  of 
the  medium  and  regardless  of  the  possible  presence  of  charged  layers  else- 
where in  the  system.  Thus  it  seems  natiffal  to  conclude,  as  Stem  did,  that 
M i 

if  =4  . It  is  even  more  natural  to  conclude  that 

(5) 

where  the  A refers  to  change  occurring  at  q = 0, 

Nevertheless  this  leads  to  a contradiction  with  experiment.  We  have 

M 

already  seen  that  a tenfold  change  in  c.  may  cause  a change  in  hijr*  exceeding 
59  millivolts,  whereas  equation  4 sets  an  upper  limit  to  cf  59  milli- 
volts with  the  expectation  of  considerably  less  because  of  the  expected  (and 
observed)  increase  in  -pi. 


PREVIOUS  ATTEMPTED  EXPLANATIONS 
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Esin  and  Shikov  (5)  have  attempted  to  explain  this  contradiction  by- 
denying  the  validi-ty  of  equation  5*  With  this  we  are  in  agreement,  thus  re- 
versing our  earlier  expressed  opinion  (2,4).  Esin  and  Shikov  attrlrate  the 
failure  of  eq^jation  5 to  the  discreteness  of  charge  of  the  adsorbed  anions, 
and  make  a calculation  of  -the  work  needed  to  move  a pair  of  oppositely  charged 
ions  into  the  double  layer.  Ershler  (7)  made  a more  extensive  calculation 
baaed  on  a more  realistic  model  of  the  electrical  double  layer  u-h  continued 

to  use  the  basic  equation  of  Esin  and  Shikov.  In  both  papers  ..  ^ is  assumed 
that  -the  work  needed  to  move  a pair  of  ions  into  the  double  layer  is  reflected 
in  the  external  potential  difference  obsejrved  at  -the  e.c.max.  This  concept 
is  superficially  reasonable,  but  on  de-tailed  examination  appears  to  \is  to  be 
without  foundation  since  the  -thermodynamic  process  to  which  the  potential  cor- 
responds is  not  the  addition  of  a pair  of  ions  to  the  double  layer. 

THERMODTNAMIC  CONSIDEPJLTIONS 


The  argTjment  presented  above  assumes  -that  liquid  junction  potentials 
are  not  large  enough  to  resolve  the  contradiction.  This  assumption  can  be 
strengthened  by  showing  that  the  contradiction  exists  even  in  the  absence  of 
liquid  junctions  and  their  concomi-tant  potentials. 

It  has  been  shown  in  a recent  publication  (8)  that  the  potential  of 
a polarized  electrode  B”  varies  with  the  chemical  potential  of  the  electro- 
lyte p,  according  to  the  equation 


V . e“/3  = T, 


\0} 


where  is  the  "transference  number”  of  the  cation  in  the  electrical 
double  layer,  a meastire  of  the  fraction  of  the  total  charge  carried  into  the 
double  layer  by  the  cations  in  an  infinitesimal  change  of  applied  potential 
E".  is  the  number  of  cations  formed  by  the  dissociation  of  one  molecule  of 
the  electrolyte.  E“  is  the  potential  measured  relative  to  an  electrode  rever- 
sible to  the  anion  of  -the  electrolyte.  As  the  concentration  of  the  electrolyte 
changes,  so  does  the  concentration  of  the  electrolyte  in  the  reference  elec- 
trode. Thus  liquid  junction  potentials  are  absent. 

Values  of  are  available  in  several  ways.  Equation  6 is  itself 
one  source.  is  also  given  by  dl}./dq  (its  defining  o<iuation)  or  by 
C'*‘/C,  where  C is  the  differential  capacity  of  the  double  layer  and  is  the 
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part  of  C attributable  to  cations.  Hj.  is  the  charge  attributable  to  the 
excess  of  cations  in  the  double  layer.  Values  of  r^.  are  given  in  ref,  2 
and  8,  Values  of  and  C are  to  be  found  in  ref,  8,  Curves  of  vs,  E 
usually  shcTW  a minlmxm  (2,8)  at  which  potential  dTj./dQ  = 0 and  therefore 
=>  0,  At  po!.ontials  more  anodic  than  this,  T ^ is  negative,  con^esponding 
to  the  fact  that  Increasing  the  positive  charge  on  the  metal  inexreases  the 
concentration  of  anions  by  more  than  an  equivalent  amount,  the  difference 
being  made  up  by  cations  moving  into  the  double  layer,  Thtis  they  flow  in  a 
direction  contrary  to  that  of  the  total  flow  of  positive  current. 

This  phenomenon  has  been  discussed  several  times  previously  (2,  8, 
and  other  references  there  cited)  and  arises  from  the  fact  that  the  strength 
of  the  chemical  bond  which  holds  the  anion  to  the  metallic  surface  increases 
with  increasing  positive  charge  (see  Fig.  15  of  ref,  2),  This  fact  will  be 
employed  in  the  argument  of  the  next  section. 

The  subscript  q in  sqtiation  6 denotes  the  constancy  of  the  surface 
charge  density.  At  the  e.c.max.  q = 0 and  equation  6 becomes 

(dE-/d|Ji)^*°’““*  = 

Here  we  have  setv^z^  = 1,  corresponding  to  a 1:1  electrolyte.  This  will 
slnpliiy  the  discussion  which  follows.  There  is  no  difficulty  in  carrying 
through  the  corresponding  discussion  for  other  valence  types,  however,  (see 
footnote  14  i!^  ref.  8). 

For  electrolytes  which  exhibit  specific  adsorption  on  merctiry  (which 
seems  to  include  nearly  all  salts  except  fluorides),  and  in  the  cases  which 
have  so  far  been  stvidied,  reaches  a ainiaum  at  a potential  which  is  on 
the  anodic  side  of  the  potential  of  the  e,c»max.  for  very  dilute  solutions, 
shifting  gradw-Uy  to  the  other  side  as  the  concentration  is  increased. 

Thus  there  is  us\»Uy,  perhaps  always,  a concentration  where  = 0 at 
the  e.c.max.*  This  condition  is  reached,  for  example,  in  0.3  M NaCl  (2). 

This  condition  furnishes  a particularly  clear  example  of  the  seeming  contra- 
diction with  which  this  paper  is  concerned. 

tinder  the  conditions  in  question  (dE“/dji  - q.  Thus  the 

overall  potential  difference  frean  polarized  electrode  to  reference  electrode 
is  unchanging  with  concentration,  and  since  the  reference  electrode  is 

* It  will  be  recalled  that  “ 0 when  F^  reaches  a minimum. 
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reversible  to  the  anion,  the  polarized  electrode  must  be  changing  its  poten- 
tial relative  to  the  soliation  as  if  it,  too,  were  reversible  to  the  anion. 

M 

That  is  to  say,  4'  must  be  changing  by  59  millivolts  for  every  tenfold  change 
in  the  activity  of  the  anion.*  Since  T]  ^ is  also  increasing  with  concentra- 
tion, cannot  increase  by  as  nrach  as  59  millivolts,  hence 
contradicting  equation  5* 

The  contradiction  becomes  increasingly  great  as  the  concentration  of 
the  electrolyte  is  taken  greater,  making  'C+  negative  by  ever  increasing 
amounts.  Then  the  polarized  electrode  changes  its  potential  with  concentra- 
tion even  faster  than  does  the  reference  electrode.  It  behaves,  in  fact, 
like  an  electrode  reversible  to  an  anion  carrying  a charge  of  2r^  - 1, 

It  is  of  particular  interest  that  the  contradiction  becomes  greater 
as  the  concentration  increases.  This  is  not  the  behavior  expected  of  a 
system  which  is  showing  a discreteness-of-charge  effect.  For  as  the  concen- 
tration of  the  electrolyte  increases,  so  does  that  of  the  adsorbed  ions,  and 
the  layer  of  charge  becomes  more  nearly  continuous.  It  is  also  significant 
that  at  very  low  concentrations,  or  at  moderate  concentrations  of  less 
strongly  adsorbed  anions,  approaches  its  limiting  value  l/2. 

Thus  under  conditions  where  discreteness-of-charge  effects  might  be  expected 
to  be  most  prominent,  they  disappear  altogether. 

PROPOSED  EXPUMTION  OF  THE  COUTRADICTION 

Although  it  is  true  that  thermodynamics  cannot  be  adduced  in  support 
of  an  explanation  of  mechanism,  thermodynamics  coupled  with  experimental 
data  may  make  the  facts  so  clear  that  the  explanation  becomes  almost  self- 
evident.  That  appears  to  us  to  be  the  sittiation  here. 

The  contradiction  we  are  seeking  to  explain  is  associated  with  zero 
or  negative  values  of  But  there  is  no  difficulty  in  under- 
standing these  values  of  , and  one  has  only  to  translate  this 

explanation  into  the  language  of  electrostatics  to  find  the  error  in  the 
reasoning  associated  with  the  electrostatic  problem. 

This  error  is  as  follows:  It  was  assumed  that  the  non-coulombic 

(chemical)  forces  acting  on  the  adsorbed  anion  could  not  give  rise  to  a dis- 
placement of  charge  above  and  beyond  that  taken  into  account  explicitly  in 

* Strictly  speaking  one  should  say  that  (di^^/dlogi  o ®^)^**^*"^*  = 0.059  v. 
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connection  with  the  electrostatic  potential  That  this  is  not  so  is 
recognized  clear I7  enough  for  vincharged  molecules  (especially  for  the  sol- 
vent molecxiles)  t but  it  has  been  consistently  overlooked  for  charged  mole- 
cules (ions),  probably  because  it  was  felt  that  this  effect  was  implicitly 
taken  care  of  by  the  coiilomblc  potential  term.  This  is  not  sc,  as  is  shown 
most  clearly  by  the  contradiction  to  which  it  leads  and  aliio  by  a closer 
scrutiny  of  the  assumption  itself.  The  forces  acting  on  the  ion  are  in 
part  chemical,  meaning  that  a displacement  of  charge  occurs  which  is  not 
the  result  of  those  charges  which  are  taken  into  account  explicitly  by 
double  layer  theory.  While  it  is  time  that  chemical  forces  are  electro- 
static in  origin,  they  are  not  taken  account  of  fully  by  the  introduction 
of  an  adsorption  potential  0 ^ . What  is  omitted  is  all  consideration  of 
chemically  Induced  dipoles  lying  between  the  metallic  sixrface  and  the  Inn^r 
Helmholtz  plane.  The  displacement  of  charge  mentioned  above  effectively 
generates  such  dipoles  which  are  responsible  for  a potential  difference 
- i|r^  at  the  e.c.max.,  and  no  doubt  at  other  potentials  as  well.  It  is 
interesting  to  note  that  the  negative  end  of  the  dipole  is  directed  towards 
the  metal,  as  one  would  eocpect  of  a chemical  bond  in  which  both  of  the 
shared  electrons  are  provided  by  the  anion. 

IVALOATION  OP 

There  is  as  yet  no  straightforward  method  of  evaluating  Until 
now  the  difficulty  bus  b-esn  by  the  iinreoolved  ooutradiotion  with 

which  this  jsipcr  is  concerned.  Now  that  this  contradiction  is  seemingly 
resolved,  it  is  possible  to  proceed  on  the  basis  of  reasonable  conjecture, 
whereby  we  may  hope  to  achieve  a semi-quantitative  uzxierstanding  of  the 
properties  of  the  electrical  double  layer,  Including  an  evaluation  of  i|r^. 
Althou^  it  is  not  the  purpose  of  this  paper  to  pursue  the  intricacies  of 
eueh  an  evaluation,  we  shall  outline  the  procedure  which  cxirrently  appears 
to  us  ou>st  reasonable. 

The  differential  capacily  C®  of  the  region  between  the  metallic  sur- 
face and  the  outer  Helmholtz  plane  can  be  found  by  use  of  the  equation 
(ref.  2,  eq.  53)* 

C°  B - C)  (8) 

*As  mentioned  in  reference  2,  this  equation  is  strictly  valid  only  in 
the  absence  of  specific  adsorption. 


vhere  the  differential  capacity  of  the  diffuse  double  layer  is  given  by 
the  equation  (ref.  2,  eq.  47) 

= (zeA/kT)cosh  ze+®/2kT.  (z:z)  (9) 

Here  is  the  potential  relative  to  the  interior  of  the  solution  of  tho 
outer  Helmholtz  plane  and  z is  the  absolute  value  of  the  valence  of  the 
ions  of  an  electrolyte  of  symmetrical  valence  type.  A is  a constant  defined 
in  reference  2,  page  474»* 

the  charge  in  the  diffuse  double  layers  is  given  by  the 
relation  (ref.  2,  eq.  43) 

= - 2A  sinh  ze+VZM!-  (zsz)  (10) 

Elimination  of  between  equations  9 and  10  gives  a useful  relation  which 
seems  not  to  have  l»en  published  heretofore » namely 

= (ze/2kT)  [(T)d)2  + 41^**  (zsz)  (11) 

In  the  absence  of  specific  adsorption » which  makes  it  easy  to 

find  azid  hence  also  for  such  electrolytes.  In  the  presence  of  speci- 
fic adsorption  can  still  be  found  (2*3) » and  it  will  be  asstaned  that  C° 
still  retains  its  value  as  a function  of  “n**  as  if  specific  adsorption  wore 
absent.  More  precisely,  it  can  be  aseumed  that  the  peart  cf  the  double  layer 
l;fing  between  the  inner  and  outer  Helmholtz  planes  has  the  same  differential 
capacily  C®1  fcr  a given  value  of  (at  the  eame  salt  concentration) 
whether  or  not  anions  nresent  in  the  inner  Hels^iol'ts  plans  = This  sssusp^- 
tion  appears  to  be  so  plausible  as  to  be  almost  azicmatic.  Its  usefulness 
is  somewhat  diminished  hy  the  fact  that  one  never  actually  knows  the  magni- 
tude of  even  in  the  absence  of  specific  adsorption.  One  might,  however, 
proceed  as  follows: 

It  is  known  that  when  ^ o,  C » (ref.  2,  p.  468),  and  the 
considerations  advanced  in  this  paper  in  nc  way  contradict  that  assertion. 
Then  If  we  write  rather  formally 

C°  ■ C^®V(C^+ C°^)  (12) 

(i.e.  regarding  and  as  two  capacitances  in  series),  it  is  possible 


*A  typographical  error  appeared  in  the  original  printing  of  the  defini- 

tion of  A,  The  correct  equation  is  A^  a (DDQkTnoi/2TT). 
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to  find  where  » 0.  In  using  this  eqTiation  C°  will  need  to  be  taken 
from  restilts  obtained  with  a capillary- Inactive  electrolyte,  say  potassium 
fluoride.  The  cation  shoxild  in  any  case  be  the  same  as  that  for  the  salt 
whose  anion  adsorption  is  under  investigation.  Equation  12  is  not  to  be 
interpreted  too  literally  and  probably  should  not  be  employed  with  concen- 
trated solutions  of  strongly  capillary-active  electrolytes.  It  is  easy  to 
prove  that  equation  12  is  correct  in  the  complete  absence  of  specific  ad- 
sorption. Its  use  can  also  be  J'ostifled  when  specific  adsorption  is 
present,  provided  the  latter  is  small,  as  when  » 0. 

In  particular,  it  would  always  be  possible  to  use  equation  12  to 
find  at  low  concentrations.  Then  if  is  assumed  to  be  a function  of 
only,  as  seems  probable,  and  not  of  salt  concentration,  good  values  of 
can  be  obtained.  This  is  the  preferred  method  when  the  data  are  avail- 
able. Our  final  assxanption  will  be  that  l/l®^  is  always  the  same  fracticm 
of  l/l®  for  a given  electrolyte.  In  effect  this  assimies  that  - i(r^  is 
always  the  same  fraction  of  when  specific  adsorption  is  virtually 

absent.  The  reasonableness  of  this  assusqptlon  is  apparent.  This  assunqp- 
tion  then  8\ifflces  to  permit  the  calculation  of  C®^. 

The  formal  definition  of  is 

C®-  « drid/d(ti  - 1^®)  (13) 

whence  by  integration  one  obtains  except  for  a constant  of  inte- 

gration. The  latter  is  found  ly  considering  that  - i®  is  the  same  frac- 
tion of  i(f”  - t®  as  C®^  is  of  C®  at  any  cathodic  potential  where  specific 
adsorption  of  anions  is  small. 

This  somewhat  lengthy  sequence  of  calculations  appears  to  be  fea- 
sible and  the  underlying  assumptions  appear  to  be  sufficiently  plausible  to 
warrant  the  effort.  It  is  hoped  that  the  res\ilts  cf  such  calculations  can 
bo  reportod  in  a future  paper. 

It  is  evident  that  a calculation  of  will  permit  the  calculation 
of  0^  throii^  equation  3.  It  is  expected  that  0^  will  be  a function  of 
q and  (sli^tly)  of  T)^  but  not  of  cj^,  the  concentration.  If  those  expec- 
tations are  homo  out,  the  theory  may  be  said  to  have  survived  its  first 
experimental  test. 


SUMMiLRI 


It  has  been  shewn  that  the  anomalous  ■variation  with  concentration 
of  -the  po-tential  of  the  e.c.max,  is  associated  with  zero  or  negative  -values 
of  These  in  turn  are  associated  wi-fch  the  presence  of  nbAmi  oaI  forces 

(bonds)  acti'^g  be-tween  the  metal  and  the  chemisorbed  anions.  In  -berms  of 
eleetros-tatlcs  It  Is  clear  -that  -these  bonds  give  rise  -bo  dipoles  lying  be- 
tvaen  -bhe  metallic  surface  and  the  inner  Helmholtz  plane » and  -that  this  Is 
the  source  of  the  "extra"  po-bential  which  had  heretofore  been  neglec-bed* 

The  resolution  of  this  anomaly-  has  made  it  possible  to  see  more 
clearly  how  one  might  hope  to  evalua-be  the  po-bentlal  of  -the  inner 
Helsdioltz  plane. 
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ontinv^tion  of  foo-bneta  from  page  2.  ‘iho  symbol  deno-bes  -the  elec^ 
trlcal  potential  of  -bhe  inner  Helmholtz  plane,  which  Is  the  locus  of 
the  electrical  cen-bers  of  anions  which  are  specifically  adsorbed. 


